Simian virus 40 (SV40) has been linked to human cancer, as has osteosarcoma (OS). Although significant discrepancies exist in the frequency, evidence that the virus plays a causative role in some malignancies is mounting. The large-T-antigen and significant SV40 oncoprotein, bind and inactivate the tumour suppressor genes p53 and pRb, which play a key role in osteosarcoma development. We analysed 277 OS samples from two different European countries (154 OS samples from Hungary and 123 from Germany). To ascertain the prevalence of SV40 in the general population, additional blood samples from healthy volunteers from the two countries (166 Hungarian and 149 German) were analysed. To reach an appropriate detection level, we investigated a real-time quantitative PCR-based assay for the detection and quantification of SV40 <10 copies in 500 ng of genomic DNA. We detected SV40 in 52% (143/277) of the OS samples analysed. In detail, we saw differences in the distribution of SV40 between the two countries. Of the Hungarian OS samples, 74% (114/154) showed high amounts of SV40 (>100 copies), whereas only 22% (29/123) of the German OS samples harbour small amounts of SV40 (~10 copies). SV40 was detected in 8 of 60 German tumour samples (14%) and 21 of 63 German blood samples (33%) from OS patients. In the peripheral blood of healthy volunteers we found only weak SV40 positivity (<10 copies) in the two countries with a somewhat higher frequency in Hungarian 30/166 (18%) than in German blood samples 2/149 (1.3%). No sequence variations were found in SV40-positive samples from the two countries. Our data demonstrate significant differences in the prevalence and quantity of SV40 in OS of these different European geographical origins with a lower frequency in the blood samples of healthy volunteers from the two countries, underlining again the geographical differences previously described by other investigators.
Introduction
Osteosarcoma (OS) is the most frequent bone malignancy in children and adolescents, mostly occurring in the second decade of life and peaking around the age of 14 years. Multiple molecular lesions underline the progression from normal bone to osteosarcoma. Coexisting alterations of the retinoblastoma susceptibility (pRb) and the p53 gene are known to be important events in this progression (1) (2) (3) (4) (5) . Different investigations have identified DNA sequences of simian virus 40 (SV40) in osteosarcomas suggesting that this virus contributes to the development of this tumour (6) (7) (8) . Rare epidemiological studies exist, showing a direct correlation of human cancer to viral contamination (9) . This is evident for the role of SV40 in human tumorigenesis as well as in osteosarcoma development, which remains controversial in the literature.
SV40 is a DNA-polyomavirus of rhesus macaque origin, known to be a potent tumour-inducing virus (10) (11) (12) (13) (14) (15) . It is also capable of transforming many types of cells in tissue culture, including human cells (16) . Its oncogenecity is mediated by the large T-antigen (L-Tag), a 90 kDa nuclear multifunctional phosphoprotein that is predominantly located in the nuclei of the infected cells. It binds and inhibits several host-cell proteins, for example tumour suppressor genes such as pRb and p53, as well as transcriptional co-activators. P53 and pRb normally function as regulators of growth control and cell cycling (17) (18) (19) and are known to play a key role in the genesis of multiple tumours, as has been shown for osteosarcoma development. By binding them, L-Tag inactivates their normal function. L-Tag is also known to cause a large number of ONCOLOGY REPORTS 21: 289-297, 2009 289 Evaluation of SV40 in osteosarcoma and healthy population: A Hungarian-German study chromosomal aberrations, rearrangements, damage and mutations in SV40-infected human cells (20) . The history of SV40 infection in humans appears to be related to the use of polio vaccines. The inactivated and live attenuated forms of the polio vaccine were prepared in primary rhesus monkey kidney cells, some of which were from animals naturally infected with SV40, a virus which was unknown at that time. Therefore, millions of humans were unintentionally exposed to live SV40-contaminated polio vaccines worldwide during the period of mass vaccination between 1955 and 1963 (9, (20) (21) (22) (23) . Since then, SV40 has continued to circulate in the human population, including Germany and Hungary (5, 24) . It has been suggested that the monkey virus is transmitted by those given the contaminated vaccine to their children, further spreading the potential cancer risk in humans. It is also known that SV40 replicates in humans and is excreted in faeces, urine and sperm.
Shortly after its discovery in 1960 (26), SV40 was found to be tumorigenic in animals (11, 14) . In these laboratory animals, SV40 has induced specific tumours in the brain and bone, as well as mesotheliomas and lymphomas. Early studies of small cohorts of patients showed that SV40 was capable of establishing infections in humans (20) . Studies from different countries (USA, Europe, China and Japan) have indicated that SV40 is significantly associated with some specific human cancer types such as those found earlier in laboratory animals (brain tumours, osteosarcoma, mesotheliomas and lymphomas). Evidence for the role of SV40 in these specific tumour types is mounting (27) (28) (29) (30) (31) (32) (33) (34) (35) . SV40 incidence in these tumours differs considerably by geographic region, for osteosarcoma, e.g. between 5% (Houston, USA) (20) and 80% (Italy) (6) .
However, although currently it is poorly understood, it is important to investigate the status of SV40 infections in different populations (36, 37) . Importantly, SV40 was isolated from a primary brain cancer of a 4-year-old child (38) . Many of the SV40-positive specimens were derived from humans who were too young to have been directly exposed to the contaminated polio vaccines (39, 40) , raising the possibility that SV40 has entered the human population and become a new and emergent pathogen.
SV40 prevalence in osteosarcoma patients of German origin was previously studied in our lab, using conventional PCR followed by Southern hybridisation and sequencing. These data showed only a very low SV40 incidence of only 4% (41) . SV40 quantification was not part of that investigation. The development of a very sensitive real-time quantitative PCR assay allowed us to re-evaluate the role of SV40 in human cancer (42, 43) ; in this investigation specifically in osteosarcoma. Therefore, we investigated a larger number of osteosarcoma samples from Germany and Hungary, respectively, with a different polio vaccination profile in each country (Table I) (44) . Additionally, comparable numbers of blood samples from healthy volunteers of the two countries were examined to analyse the distribution of SV40 in the general population and obtain the background of the SV40 infection rate in healthy subjects. This is important when critically examining and appraising the results, as well as discussing the possible role of SV40 in the pathogenesis of OS development.
Materials and methods

Subjects and specimens
Hungarian specimens. The 154 osteosarcoma specimens from Hungary (Hu) were obtained from the Department of Orthopaedics of the Semmelweis University of Budapest (Hungary), where 70% of the Hungarian osteosarcoma cases were treated. Patients involved in the study were born between 1920 and 1993 (68 female and 86 male). The investigated osteosarcomas were diagnosed between 1971 and 2001. The Hungarian osteosarcoma specimens had been paraffinembedded and evaluated for sufficient content of vital tumour cells by microscopic examination in Hungary.
The investigated osteosarcoma tumours were mostly located at the distal femur (67) and proximal tibia (36) . Locations are also at the humerus proximal (14) , the fibula proximal (7) and at the ileum (12), pedis (3), sacrum (3) and 12 different other locations.
Clinical characteristics of the investigated osteosarcomas were derived from Semmelweis University, Budapest. From each paraffin block, 10 slices were cut off and transferred to sterile vials, on different days by different technical assistants and in different laboratories of the Semmelweis University Hospital in Budapest to avoid contamination by cutting procedure and laboratory staff.
Fresh peripheral blood was taken from healthy blood donors born between 1919 and 1990 in Hungary (110 female and 56 male) and collected in the blood transfusion centre of the Semmelweis University Hospital, Budapest. Handling of the blood samples from healthy volunteers, as well as that of patient and volunteer data was according to the ethics commission from Budapest. Collected slices as well as fresh blood samples were transferred to Hamburg where DNA isolation and an SV40 analysis were carried out. The investigated osteosarcoma tumours were mostly located at the distal femur and at the proximal tibia, as were the Hungarian samples. Other locations correspond to the spreading as indicated in the COSS protocols and are similar to those of Hungary.
Clinical characteristics of the investigated osteosarcomas were derived from the Co-operative Osteosarcoma Study Group (COSS). The handling of the data was conducted according to the ethics commission from 1996 during the COSS-96 study protocol and the corresponding research analysis.
The 149 fresh buffy coats from healthy German people, born between 1939 and 1985 (96 female and 53 male) were obtained from the blood transfusion centre at the University Medical Centre in Hamburg-Eppendorf (Germany). The SV40 results of this group were described previously (42) .
Control samples. The SV40-transformed COS-1 cell line (African green monkey kidney cells), with one integrated copy of the complete early region of SV40 including its transcriptional control region (45) , was used as a positive control. In order for the paraffin-embedded specimens from Hungary to serve as an adequate control, this cell line was paraffin-embedded prior to DNA extraction.
DNA from the buffy coat of healthy individuals, previously tested as SV40 negative by RQ-PCR, was utilised as a negative control in each RQ-PCR experiment as well as for dilution of the genomic DNA.
Paraffin embedding of the control cell line.
A COS-1 cell line was cultured for sufficient cells and pelleted. The cell pellet was resuspended in 4% formalin (in 0.1 M phosphate buffer) and incubated for 2 h at room temperature. After washing twice with 0.1 M phosphate buffer, the cell pellet was resuspended in 2% agar. After freezing, the agar block was paraffinembedded in the same manner as a biopsy. The block was cut into slices and the DNA extraction was examined according to the protocol for paraffin-embedded osteosarcoma specimens.
DNA extraction. Genomic DNA was extracted from fresh or frozen cells (1x10 7 for each sample) using Qiagen silica gelbased spin columns (QiaAmp DNA blood mini/midi kit; Qiagen, Hilden, Germany) according to the 'blood and body fluid protocol', following the supplier's recommendation. DNA from frozen and paraffin-embedded tissues (5 samples of 10 μm for each sample) was isolated using the DNA spin column extraction according to the 'QiaAmp tissue protocol'. Paraffin samples were deparaffinized with xylene, followed by two washing steps with 70% ethanol prior to DNA extraction. In the case of paraffin samples, lysis overnight was not sufficient in most cases. Therefore, 2-3 days were necessary to ensure sufficient lysis.
DNA extraction using silica gel-based spin columns was tested by the investigators and found to be adequate for extracting very low copy numbers of extra chromosomal virus particles (42) .
Real-time quantitative PCR (RQ-PCR) analysis.
The COS-1 cell line, well described by Gluzman (45) , has one single integrated SV40 copy and was therefore used as a quantification standard. Serial 10-fold dilutions of a DNA cell line, mixed with SV40-negative DNA from healthy controls to achieve equal amounts of DNA in each dilution sample (500 ng per reaction), were used to create a standard curve.
The integrity and quality of the DNA was tested by amplifying the ß-globin gene with an internal Taq Man-probe. Only samples with a CT-value of 20±1 (25±1 cycles for DNA samples derived from paraffin wax) were selected for quantification. Samples were analysed in triplicate. In the case of SV40 positivity, analysis was repeated as 6-fold and, in part, 9-fold reactions. Detailed RQ-PCR reaction and amplification conditions were previously described by Heinsohn et al (42) .
Sequence analysis of RQ-PCR products.
To further verify the results, DNA sequence analysis was performed in selected SV40-positive tumour samples and in the positive controls. SV40-positive PCR products were extracted from LightCycler capillaries used for real-time PCR, and were finally sequenced as described previously (42) .
Results
We analysed the presence of SV40 sequences in samples from osteosarcoma patients as well as in a larger series of blood samples from healthy volunteers from Hungary and Germany, which had a different profile in polio mass vaccination. The year of birth of the osteosarcoma patients and the healthy control group ranged at approximately the same period of time for the two countries. Hungarian osteosarcoma patients were born between 1920 and 1993, and Hungarian healthy volunteers between 1919 and 1990. German osteosarcoma ONCOLOGY REPORTS 21: 289-297, 2009 Table I. History of vaccination against poliomyelitis in Hungary and Germany.
Hungary: birth ≥1940
Poliovaccines used in Germany birth ≥1938 Poliovaccines used in Hungary - 
SV40 in osteosarcoma.
We found SV40 in 114 of 154 (74%) Hungarian osteosarcoma tumour samples in >100 copies (in part >1000 copies, examples are shown in Fig. 3 ) compared to <10 copies in 29 of 123 (22%) samples from 75 osteosarcoma patients of German origin: 8/60 (14%) in tumours and 21/63 (33%) in peripheral blood samples (Fig. 4) .
Distribution of SV40 positivity in Hungarian osteosarcoma samples during the given decades is high with 84% in the 1970s, 66% in the 1980s, and~75-78% from 1990 to 2001. SV40 positivity in German osteosarcomas is ~12% in the 1970s and the same in the 1980s, respectively. At later time points, SV40 prevalence on osteosarcomas in Germany increases in 1990, is 25% during the 1990s and 28% during the period since 2000 (Fig. 2, Table IV ).
SV40 in healthy population. In healthy volunteers we found weak SV40 positivity (<10 copies) in 30/166 (18%) Hungarian and 2/149 (1.3%) German blood samples (Table II, Fig. 5) .
From the Hungarian healthy volunteers, 32 individuals were born before 1938, the year polio mass vaccination started in Hungary (6 of whom were SV40-positive) and 134 were born after 1938 (24 of whom were SV40-positive). Hungarian people born since 1938, and those born in Germany since 1940 had been polio-vaccinated (Table I) .
The SV40-positive healthy donors from Hungary were born between 1927 and 1976. German osteosarcoma patients were born between 1958 and 1993, and German healthy donors between 1939 and 1985. The two SV40-positive German samples from healthy volunteers were from donors born in 1958 and 1959. No significant differences in SV40 prevalence between the birth cohorts during the given time Table II . Results are given for samples from osteosarcoma and healthy donors for two European countries, and the SV40 quantity is indicated by copy numbers.
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Type of specimens Year of birth n total % <1000 100-1000 <100 <10 Table III . SV40 outcome in blood samples derived from healthy donors in Hungary and Germany by birth cohorts.
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f, Female; m, male; Hu, Hungary and Ger, Germany. Table IV . SV40 prevalence in osteosarcoma samples from Hungary and Germany in relation to the year of diagnosis.
------------------------------------------------
-------------------------------------------------
periods were found in the two countries (Table III, from the initials of the first patient from which this virus was isolated), the identity of the RQ-PCR results were confirmed by sequencing in several cases. No sequence variation was found between SV40-positive osteosarcoma samples from Hungary and Germany, nor between SV40-positive healthy volunteers of the two countries. No SV40 sequence variations were found between SV40-positive samples derived from people born before or after the beginning of polio mass vaccination in the two countries. None of the samples showed sequence homology to either JCV or BKV sequences. Hybridisation with a specific internal SV40 probe, occurred simultaneously with real-time PCR as a further verification step. The results of these analyses confirmed that authentic SV40 was amplified from the tumour and blood specimens.
Discussion
SV40 is capable of infecting humans, but its association with human disease remains controversial. Previous studies detected SV40 in certain human tumours, such as osteosarcoma, with controversial results (6) (7) (8) 41, 46) . Therefore, the role of SV40 in osteosarcoma development has yet to be elucidated. Additionally, data on the SV40 incidence in different populations of the investigated geographical regions are rarely found, making a clear decision about the role of SV40 in osteosarcoma difficult. To our knowledge, we are the first to investigate a larger number of healthy volunteers of the two countries, and compare these results with the SV40 prevalence of osteosarcoma in the two countries. Therefore, the possible role of SV40 in osteosarcoma is better understood.
Previous investigators analysing osteosarcomas used mainly conventional PCR with primers, followed by Southernblot hybridisation and occasional sequencing. Consequently, the quantification of SV40 has yet to be calculated. In this study, we investigated a very sensitive real-time quantitative PCR-Taq Man assay on the LightCycler System to re-evaluate SV40 prevalence in osteosarcoma specimens in Germany. For Hungary, only data on the SV40 antibody status in healthy people (44) exist. However, no data exist on either SV40 prevalence in osteosarcoma or SV40 quantification.
We found SV40 sequences in 114 of 154 Hungarian osteosarcomas, diagnosed between 1971 and 2001. These patients were born between 1920 and 1993. In contrast, only 30 of 166 peripheral blood samples from healthy Hungarian individuals born approximately the same period as the osteosarcoma patients (between 1919 and 1990), showed SV40 positivity. SV40-positive osteosarcoma samples were clearly positive in triplicates, each with a high copy number (>100 copies per reaction and in part >1000 copies), while the SV40-positive samples from healthy donors were mostly only 1 or 2 times positive in a triplicate reaction, and with a very low copy number (≤10 copies per reaction). These findings clearly underline the difference in SV40 incidences and quantity between samples derived from osteosarcoma patients and those from healthy volunteers.
In German osteosarcoma patients, diagnosed between 1979 and 2004 (born between 1947 and 2002), 29 of 123 showed SV40 positivity: 8/60 tumour and 21/63 blood samples. The SV40-positive samples were positive 3 times in a triple test. Only 2 of 149 blood samples from German healthy volunteers showed SV40 positivity. One of these samples tested positive for 2 out of 3 reactions and the other for 1 out of 3 reactions. The same samples exhibited a very low copy number (<10). Thus, we observe the same differences in SV40 incidence and quantity between samples from osteosarcoma patients and healthy people as was the case in the Hungarian samples.
SV40-positive samples of German origin have very low amounts of SV40 of <10 SV40 copies in 500 ng DNA while SV40-positive Hungarian osteosarcomas show a very high amount of SV40 from >100 copies of SV40 per reaction (500 ng DNA) and in part >1000 copies.
These data demonstrate significant differences in the prevalence and quantity of SV40 in osteosarcoma patients coming from different geographical regions in Europe (Hungary and Germany), with a low frequency in the peripheral blood samples of healthy people in these European countries. Possible differences in the polio vaccination programs (summarised in Table I ) resulting in differences of presumably SV40-contaminated polio vaccines used, may be one reason for these data. In Hungary, inactivated (IPV) and oral polio vaccines (OPV) from Russian production were used in several periods of polio vaccination between 1959 and 1960 and after 1963, which are considered to be longer or more SV40-contaminated than vaccines produced in other countries such as Canada or Germany. In the period 1961-1962 only OPV from Hungary was used. In Germany, Canadian polio vaccines were used until 1960 followed by OPV from the German production, which was supposed to be SV40-free. As reported for the USA (22) , it may be possible that different levels of polio vaccines were individually administered in Germany and Hungary (e.g. in the USA, in the district of Columbia, the vaccine level varied between 0.01 and 0.97 ml/dose). This may be another reason for the differences in SV40 prevalence between Hungary and Germany.
From the 30 SV40-positive healthy people from Hungary, 28 were born after 1938, when polio mass vaccination started in Hungary. Therefore, these 28 people were presumably vaccinated with SV40-contaminated polio vaccines (44) . Six of these 30 SV40-positive healthy people were born before 1938. Consequently, they should not have received SV40-contaminated polio vaccines. No sequence variations were detected among these people. Therefore, how these volunteers, born before 1938, came into contact with the SV40 virus and were infected remains unclear.
The frequency of SV40 in Hungary was nearly the same in females (10%) and in males (7.2%). This is in contrast to the study of Butel et al, who found a higher SV40 antibody frequency in serum samples in Hungarian female (8.9-15.6%) volunteers than in males (2.7-2.9%) from the group aged 36-54 years, born between 1940 and 1958, at the time of the sample collection in 1995. Regarding only the time period 1940-1958, we found 14 SV40-positive samples, 7 female and 7 male, indicating no differences in the SV40 frequency in this group. Bearing in mind that the 14 samples are half of the total (30) of the positive healthy ones from Hungary, we agree with the data of Butel et al, who also found that in this group the sera were mostly positive (6.3-8.7%), in contrast to the other time periods which showed 1.3 or 1.4% SV40-positive serum samples (44) .
The positive osteosarcoma samples of Hungarian origin showed in part a very high quantity of SV40 (>100 copies per reaction) while the positivity of the healthy individuals was very low (≤10 per reaction). Sequence analysis confirmed that the DNA detected was originally SV40.
In Hungary, paraffin-embedded osteosarcoma slices were cut off and transferred to sterile vials on different days by different technical assistants and in different laboratories of the Semmelweis University Hospital in Budapest. Therefore, SV40 contamination by cutting procedure and laboratory staff can be ruled out.
From the data obtained from the Co-operative Osteosarcoma Study Group (COSS) in Germany, it is known that the number of osteosarcomas diagnosed in a year revealed only a minor fluctuation. No peak in the osteosarcoma incidence was observed in Germany since 1980 when data collection by COSS started. In Hungary, the osteosarcoma incidence is ~1.5 osteosarcomas per 1 million people per year, resulting in ~12-18 newly diagnosed osteosarcomas per year. No peak or increase in the osteosarcoma incidence was observed since the 1970s in Hungary when data were collected. About 90% of Hungarian osteosarcomas are treated at the Semmelweis University Hospital of Budapest, from where the specimens analysed in this study were taken. ONCOLOGY REPORTS 21: 289-297, 2009 Therefore, the osteosarcomas analysed in this investigation are a representative collective from Hungary.
To our knowledge, there is no current epidemiological study, concerning the correlation between osteosarcoma outcome and SV40 positivity, neither worldwide nor in Germany or Hungary.
The origin of SV40 infection in humans is poorly understood. SV40-contaminated polio vaccines are thought to be the main origin of this viral introduction into humans between 1955 and 1963 (20, 47) . The tumour samples analysed in our study were from patients born in the periods 1920-1993 (Hungary) and 1958-1993 (Germany), many of whom received SV40-contaminated vaccines. Others may have acquired SV40 via transmission from mother-to-infant, breast-milk, or via blood transfusion, semen, faeces or sperm. Horizontal transmission following the introduction of polio vaccines may explain the presence of SV40 in younger people never directly exposed to the vaccine. Our results suggest that other sources of the virus are involved in human SV40 infection, explaining the finding of SV40 in individuals born before polio mass vaccination started, i.e. the 6 Hungarian individuals born before 1938.
Our results confirm that geographical factors, may influence SV40 prevalence in different regions. In the USA, the incidence of SV40 sequences among osteosarcoma samples varied greatly: 40% in Massachusetts and Chicago, and 5% in Houston (6). SV40 incidence in human tumour specimens in Germany appears to be low (48, 49) . These studies demonstrate the importance of geographical differences in detecting SV40. The reasons underlying these differences are poorly understood. However, one reason may be the polio vaccination in the period before 1965, but other additional factors cannot be excluded.
We detected SV40 not only in tumour but also in blood samples of osteosarcoma patients, indicating the possibility that the virus can circulate in these individuals.
As previously mentioned, SV40 is poorly understood. This raises a series of questions, including: i) when SV40 is carcinogenic in humans; ii) how the disease process is controlled by the virus; iii) whether it is a hit-and-run mechanism itself or whether any other events are necessary to activate SV40 in the cell, such as another alteration, e.g. on p53 or Rb in the case of osteosarcoma; iv) whether the virus replicates poorly in healthy hosts, but replicates more abundantly when host immunity is compromised; v) the circumstances regarding SV40 in the population before polio mass vaccination; vi) whether there are any additional or different ways of transmission other than blood transfusion, breast milk, human faeces and semen; vii) whether the individual's age is important for transmission; and viii) whether SV40 is a pathogen or merely a passenger.
In conclusion, this study has shown that a direct association of SV40 and osteosarcoma is not unambiguous. However, regarding the high incidence of 74% SV40 positivity in Hungary derived with RQ-PCR as a very specific detection method, and partially the very high amount of SV40 copies in Hungarian osteosarcoma samples, in contrast to the low incidence and low copy number in healthy volunteers, our data support evidence for a possible role of SV40 in osteosarcoma in Hungary. Moreover, our data suggest that SV40 is merely a bystander in osteosarcomas or in some human cancer types. Our data, however, underline that the presence of SV40 in human tumours may be influenced by geographical factors.
